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HIGHLIGHTS 


•  Dense  bi-layer  zirconia/ceria  electrolytes  have  been  co-fired  at  1250  °C  for  SOFC. 

•  YSZ/GDC  interdiffusion  and  Sr  diffusion  through  the  GDC  layer  were  minimized. 

•  High  electrochemical  activity  Ni— YSZ  anode  with  high  TPB  densities  is  obtained. 
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Solid  oxide  fuel  cells  (SOFCs)  with  bi-layer  Zirconia/Ceria  electrolytes  have  been  studied  extensively 
because  of  their  great  potential  for  producing  high  power  density  at  reduced  operating  temperature, 
important  for  reducing  cost  and  thereby  allowing  broader  SOFC  commercialization.  The  bi-layer  elec¬ 
trolytes  are  designed  to  take  advantage  of  the  high  oxygen  ion  conductivity  of  Ceria,  the  low  electronic 
conductivity  of  Zirconia,  and  the  low  reactivity  of  Ceria  with  high-performance  cathodes.  However, 
zirconia/ceria  processing  has  proven  problematic  due  to  interdiffusion  during  high  temperature  co-firing, 
or  ceria  layer  porosity  after  two-step  firing.  Here  we  first  show  a  new  method  for  bi-layer  co-firing  at  a 
reduced  temperature  of  1250  °C,  ~150  °C  lower  than  the  usual  sintering  temperature,  achieved  using 
Fe203  as  a  sintering  aid.  This  novel  process  enables  high  power  density  SOFCs  by  producing:  (1)  low- 
resistance  Yo.i6Zro.9202-<5  (YSZ)/Gdo.iCeo.gOi.95  (GDC)  electrolytes  that  also  yield  high  open-circuit 
voltage,  (2)  dense  GDC  layers  that  prevent  reactions  between  highly-active  Lao.6Sro.4Feo.sCoo.2O3  (LSFC) 
cathode  materials  and  YSZ,  and  (3)  Ni— YSZ  anodes  with  high  electrochemical  activity  due  to  fine-scale 
microstructure  with  high  TPB  densities. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Bi-layer  zirconia/ceria  electrolytes  are  important  for  improving 
performance  of  solid  oxide  fuel  cells  (SOFCs).  For  example,  ceria  is 
widely  used  as  a  diffusion  barrier  layer  to  avoid  reactions  between 
high-performance  electrode  materials  such  as  Lao.6Sro.4Feo.8Coo.2O3 
(LSFC)  and  zirconia  1],  and  can  also  provide  faster  electrochemical 
kinetics  than  zirconia  with  some  electrode  materials  [2-4].  The 
application  to  next-generation  intermediate-temperature 
(<600  °C)  SOFCs,  which  are  expected  to  have  broader  commercial 
applications  than  current  (750-800  °C)  SOFCs  [5],  is  especially 
compelling.  Although  most  intermediate-temperature  SOFCs  have 
employed  high-conductivity  single-layer  ceria  electrolytes  [6],  they 
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generally  yield  low  open-circuit  voltage  (OCV)  [7].  The  addition  of  a 
thin  fuel-side  stabilized-zirconia  layer  is  useful  for  achieving  near- 
theoretical  OCV,  but  processing  presents  significant  challenges; 
when  fired  together  at  temperatures  typically  used  to  form  dense 
electrolytes,  ~1400  °C,  high  electrolyte  resistance  results  due  to 
formation  of  a  low  conductivity  zirconia/ceria  interdiffused  inter¬ 
facial  layer  [8-12].  Here  we  show  a  method  for  obtaining  yttria- 
stabilized  zirconia  (YSZ)/Gdo.iCeo.gOi.95  (GDC)  bi-layers  with  min¬ 
imal  interdiffusion,  enabled  by  a  novel  method  for  reducing  the 
firing  temperature  to  1250  °C.  The  method  is  demonstrated  in  Ni— 
Yo.ieZro.9202-5  (YSZ)/YSZ/Gdo.iCeo.gOi.95  (GDC)/Lao.6Sro.4Feo.8- 
C00.2O3  (LSFC)-GDC  cells.  The  reduced  firing  temperature  also 
yields  a  finer-scale  Ni-YSZ  microstructure,  and  the  dense  GDC 
barrier  layer  minimizes  LSCF-YSZ  reactions,  both  of  which 
contribute  to  excellent  cell  performance:  area-specific  resistance  as 
low  as  0.21  Q  cm2  and  power  density  as  high  as  1.65  W  cm-2  at 
800  °C  in  air  and  humidified  hydrogen. 
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A  successful  SOFC  fabrication  process  must  avoid  materials  in¬ 
teractions  and  yield  desired  microstructures,  but  it  is  also  impor¬ 
tant  to  minimize  process  cost  and  complexity.  In  the  case  of 
zirconia/ceria  electrolyte  cells,  a  few  different  process  schemes 
have  been  employed: 

(1 )  The  anode  and  both  electrolyte  layers  are  co-fired  at  1400  °C, 
followed  by  cathode  application  and  firing  [11  .  This  scheme 
minimizes  process  steps  but  is  problematic  due  to  interdif¬ 
fusion,  as  noted  above. 

(2)  The  anode  and  YSZ  electrolyte  are  co-fired  at  1400  °C,  fol¬ 
lowed  by  separate  ceria  deposition  and  firing  steps,  finally 
followed  by  the  cathode.  This  approach  is  often  used  with 
LSFC-based  cathodes,  where  the  ceria  is  needed  as  a  barrier 
layer  to  prevent  LSCF/zirconia  reactions  that  form  the  highly 
resistive  zirconate  phases  La2Zr207  and  SrZr03  [13-15].  Since 
the  thin  ceria  layer  is  fired  at  a  temperature  of  ~  1200  °C  and 
the  substrate  is  non-shrinking,  the  ceria  has  considerable 
porosity  allowing  non-negligible  LSCF-zirconia  reaction  [16]. 

(3)  An  approach  similar  to  (2),  but  utilizing  physical  vapor 
deposition  to  deposit  the  ceria  layer,  has  been  utilized.  This 
has  the  advantage  of  producing  dense  ceria  layers  without 
high-temperature  firing,  but  is  a  relatively  expensive  addi¬ 
tional  process  step  [3,4,7,9,17]. 

The  present  method  is  similar  to  case  ( 1 ),  in  that  it  employs  a  single 
co-firing  step  for  the  anode  and  both  electrolyte  layers,  but  at  a 
reduced  co-firing  temperature  of  1250  °C.This  has  the  advantages  of  a 
relatively  simple  process,  but  also  minimizes  zirconia/ceria  interdif¬ 
fusion.  The  main  challenge  is  to  produce  sufficiently-dense  electro¬ 
lyte  layers  in  a  1250  °C  firing  step;  this  has  been  achieved  by  including 
1  mol.%  Fe203  sintering-aid  impurity  in  the  ceria  and  zirconia  layers. 

2.  Experimental 

The  button  cells  in  this  study  had  Ni-YSZ  anode  supports,  Ni- 
YSZ  anode  functional  layers,  YSZ  electrolytes,  GDC  diffusion  bar¬ 
riers,  and  LSFC  cathodes.  All  cells  were  prepared  on  anode  supports 
containing  NiO  (J.  T.  Baker)  and  YSZ  (Tosoh)  with  1:1  weight  ratio. 
These  oxides  along  with  Tapioca  starch  (10  wt%),  poly( vinyl  butyral) 
(Sigma-Aldrich,  0.5  wt%),  and  ethanol  were  mixed  and  ball  milled 
for  ~24  h.  The  resulting  slurry  was  dried,  sieved(#120  mesh)  and 
uniaxially  pressed  into  pellets  with  diameter  of  19  mm.  The  anode 
support  was  pre-fired  at  800  °C  for  4  h.  Colloidal  solutions  were 
deposited  onto  the  supports  to  form  the  anode  functional  layer 
(AFL),  YSZ  (Tosoh)  electrolyte,  and  the  GDC  (NexTech,  Ohio)  inter¬ 
layer,  respectively.  The  NiO-YSZ  AFLs  had  a  1 :1  weight  ratio,  the  YSZ 
layers  also  contained  1  mol.%  Fe203  (>99%,  Sigma-Aldrich,  UK) 
sintering  aid,  and  the  GDC  layers  had  1  mol.%  Fe203  sintering  aid. 
The  resulting  support/anode/electrolyte/interlayer  structures  were 
then  sintered  at  1250  °C  or  1400  °C  for  4  h,  respectively.  An  LSCF- 
GDC  (1:1  weight  ratio)  cathode  functional  layer  (CFL)  ink  was 
screen  printed  onto  the  GDC  interlayer,  followed  by  a  pure  LSCF 
(Praxair,  Washington)  cathode  current  collector  ink.  The  cathode 
layers  were  then  fired  at  1100  °C  for  2  h. 

Fuel  cell  testing  was  done  from  650  to  800  °C  with  the  cathode 
exposed  to  air  with  flow  rate  of  200  seem,  and  the  anode  exposed  to 
humidified  H2  (3  vol%  H20)  with  flow  rate  of  100  seem.  Electro¬ 
chemical  impedance  spectroscopy  (EIS)  measurements  were  taken 
on  an  IM6  Electrochemical  Workstation  (ZAHNER,  Germany).  The 
frequency  range  used  was  100  mFIz  to  100  kFIz  with  an  amplitude 
of  20  mV. 

Scanning  electron  microscopy  (SEM,  Hitachi  SU8030)  and  elec¬ 
tron  dispersive  spectroscopy  (EDS,  Oxford  X-max  80  SDD)  were 
used  to  examine  cell  microstructure  and  elemental  diffusion. 


After  testing,  cells  were  prepared  for  serial  sectioning  by  cross 
sectioning,  polishing  and  epoxy  infiltration  [18,19].  Imaging  was 
done  on  a  Zeiss  Nvision  40  dual  beam  FIB-SEM  at  Argonne  National 
Laboratory.  Image  segmentation  and  3D  reconstruction  was  done 
as  described  elsewhere  19].  Macrohomogeneous  structural  pa¬ 
rameters  such  as  volume  percent,  surface  areas,  triple  phase 
boundary  densities,  and  tortuosities  were  then  extracted  from  the 
3D  data.  Particle  size  distributions  were  defined  using  a  3D-volu- 
metric  method  developed  by  Miinch  et  al.  [20]. 

3.  Results  and  discussion 

In  order  to  demonstrate  the  advantages  of  the  present  process, 
cells  fabricated  at  1250  °C  were  compared  directly  with  otherwise 
identical  cells  fired  at  1400  °C.  Fig.  1(a)  and  (b)  show  the  voltage- 
current  characteristics  that  typically  result  from  firing  at  different 
temperatures.  The  1250-fired  cell  yielded  power  density  of 
1.48  W  cm-2  at  0.7  V  at  800  °C,  substantially  higher  than  the  1400- 
fired  cell  —  0.94  W  cm-2  at  0.7  V.  Similar  trends  were  observed  in 
measurements  at  lower  cell  operating  temperatures.  The  OCV 
values  of  the  1250-fired  cells,  which  had  Fe  in  the  YSZ  layer,  were 
quite  similar  to  that  of  the  Fe-free  1400-fired  cells,  indicating  that 
any  electronic  conductivity  caused  by  Fe  doping  is  negligible.  The 
open  circuit  voltage  (OCV)  values  are  lower  than  predicted  from  the 
Nernst  equation  for  the  present  fuel  and  oxidant  compositions.  For 
LSCF1250  cell,  the  OCV  value  measured  at  800  °C  is  1.060  V, 
compared  with  the  predicted  value  of  1.10  V.  However,  the  present 
cell  test  configuration,  which  utilizes  Ag  seals  around  the  edges  of 
the  anode  support,  typically  exhibits  a  small  leakage  yielding  OCV 
values  slightly  lower  than  theoretical  [21].  The  mechanism  of 
lowering  sintering  temperature  of  YSZ  and  GDC  by  the  sintering 
aids  is  controversial;  [22]  however,  liquid  phase  sintering  is  a  likely 
mechanism.  The  liquid  phase  facilitates  the  rearrangement  of  par¬ 
ticles  in  early  stages  of  sintering,  and  faster  dissolution-transport- 
precipitation  process  in  grain  boundaries.  Preliminary  fuel  cell  life 
tests  under  load  for  up  to  546  h  showed  stable  cell  performance. 
More  life  testing  is  underway  and  will  be  reported  elsewhere. 

Fig.  1(c)  and  (d)  present  Bode  and  Nyquist  plots  of  typical 
electrochemical  impedance  spectroscopy  (EIS)  data  from  the  same 
cells  as  shown  in  Fig.  1(a)  and  (b).  The  spectra  are  modeled  by  three 
Cole-Cole  elements  in  series  with  an  inductor  and  resistor, 
LR(RQ.)(RQ.)(RQ.)  with  Q.  =  Y0(jw)n.  Only  800  °C  data  is  shown  here 
since  the  lower  temperature  data  shows  similar  trends  (Fig.  SI  in 
Electronic  Supplementary  Information).  The  ohmic  and  polariza¬ 
tion  resistances  are  lower  by  a  factor  of  >2  for  the  lower  firing 
temperature,  in  accord  with  the  higher  Pmax  in  Fig.  1(a).  The  ohmic 
resistance  of  the  1250-fired  cell,  0.067  Q  cm2,  is  as  expected  given 
the  YSZ  and  GDC  layer  thicknesses  and  their  respective  conduc¬ 
tivities:  at  800  °C  the  12-pm-thick  YSZ  layer  area-specific  resistance 
should  be  0.06  Q  cm2  and  the  3-pm-thick  GDC  layer  should  be 
0.0054  Q  cm2,  using  a  conductivity  value  of  0.056  S  cm-1  [23].  This 
is  in  reasonable  agreement  given  the  range  of  reported  conductivity 
values.  Based  on  these  results,  the  Fe  doping  of  the  electrolytes  does 
not  appear  to  measurably  decrease  the  ionic  conductivity.  On  the 
other  hand,  the  ohmic  resistance  of  the  1400-fired  cell  is  substan¬ 
tially  larger  than  expected,  0.113  Q  cm2. 

Fig.  1(c)  reveals  that  the  higher  polarization  resistance  of  the 
1400  °C  cell  is  due  to  increased  impedance  responses  at  -5  and 
300  Hz;  such  responses  have  previously  been  associated  with  gas 
diffusion  and  an  electrochemical  processes,  respectively,  in  Ni— YSZ 
anodes  [24-28].  Separate  measurements  on  these  cells  showed 
that  these  same  responses  increased  with  decreasing  hydrogen 
partial  pressure  in  the  fuel,  verifying  that  they  were  anode  re¬ 
sponses.  This  suggests  that  the  reduced  firing  temperature  causes 
changes  in  the  Ni-YSZ  anode  that  promote  both  faster  gas 
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Fig.  1.  Voltage  and  power  density  versus  current  density  for  button  cells  fired  at  1250  (a)  and  1400  °C  (b).  1  mol.%  Fe203  sintering  aid  was  used  in  both  cases.  Bode  (c)  and  Nyquist 
(d)  plots  of  EIS  data  measured  at  800  °C  for  LSCF1250  and  LSCF1400  cells.  The  data  points  are  measured  data  and  the  solid  lines  are  the  fits. 


transport  and  faster  electrochemical  hydrogen  oxidation  reactions. 
Fig.  1(d)  shows  that  the  polarization  resistance  of  the  1250-fired 
cell  was  much  lower,  0.146  Q  cm2,  than  that  of  the  1400-fired 
cell,  0.334  Q  cm2. 

Fig.  2(a)  and  (b)  compare  results  of  SEM  measurements  on  cells 
fired  at  1250  and  1400  °C.  The  electrodes  show  the  expected  porous 
structures,  with  no  obvious  difference  between  the  cells.  The  1250- 
fired  cell  showed  some  isolated  pores  in  the  YSZ  and  GDC  layers, 
and  a  slightly  higher  density  of  pores  at  the  YSZ/GDC  interface.  The 
interfacial  voids  probably  arise  from  slight  mismatch  in  the 
shrinkages  of  the  two  layers  during  firing;  cells  made  with  different 
Fe203  amounts  in  the  YSZ  (1  mol.%  Fe203)  and  GDC  layers  (2  mol.% 
Fe203)  showed  reduced  interfacial  void  density,  presumably  by 
better  matching  shrinkages.  The  1400-fired  cell  shows  fewer,  but 
larger,  pores  in  the  YSZ  layer  than  the  1250-fired  case,  while  the 
pores  at  the  YSZ/GDC  interface  also  became  larger  and  in  some 
cases  extended  completely  through  the  GDC  layer. 

Fig.  2(c)  and  (d)  show  SEM  energy-dispersive  spectroscopy  line 
scans  taken  in  the  region  near  the  YSZ/GDC  interface.  The  apparent 
broadening  of  the  YSZ/GDC  interface  in  the  1250-fired  cell  was  due 
in  large  part  to  the  relatively  low  spatial  resolution  of  energy- 
dispersive  spectroscopy,  ~1  pm.  The  YSZ/GDC  interface  was 
clearly  broader  in  the  1400-fired  cell,  with  apparent  width  of  a  few 
microns,  consistent  with  prior  reports  [11].  These  results  confirm 
that  the  higher  ohmic  resistance  of  the  1400-fired  cell  (Fig.  2(a))  was 
due  mainly  to  YSZ-GDC  interdiffusion  and  the  relatively  low  con¬ 
ductivity  of  the  resulting  solid  solution  [12,29],  consistent  with  prior 
reports  [1  .  The  apparent  weak  Sr  signal  in  the  YSZ  layer  of  the  1400- 
fired  cell  was  an  artifact  of  peak  overlaps  in  the  EDS  spectra,  as 
shown  in  Fig.  2(e).  That  is,  no  Sr  migration  was  detected  in  either  cell, 
within  the  sensitivity  of  EDS,  presumably  due  to  the  good  diffusion 
barrier  characteristics  of  the  nearly  dense  GDC  barrier  layers. 


The  anode-related  changes  in  cell  resistance  (Fig.  1(c)  and  (d)) 
were  explored  using  three-dimensional  tomography  [19,30].  The 
tomographic  data  show  that  decreasing  the  firing  temperature 
from  1400  to  1250  °C  yielded  decreased  mean  particle  sizes-from 
0.66  to  0.51  pm  for  Ni  and  from  0.61  to  0.45  pm  for  YSZ,  respec¬ 
tively.  Fig.  3  shows  3D  images  of  the  TPB  lines  in  the  anodes.  The 
decreased  temperature  yielded  higher  active  three-phase  boundary 
(TPB)  density— an  increase  from  3.0  to  7.2  pm-2  -  that  is  explained 
by  the  smaller  particle  sizes  [31-33].  The  higher  active  TPB  density 
explains  the  lower  resistance  associated  with  the  anode  electro¬ 
chemical  process  ( ~300  FIz)  response  (Fig.  1(c)).  The  TPB  density  in 
the  1400-fired  anode  is  consistent  with  previous  results  for  cells 
fired  at  this  temperature  [19,34,35].  The  3D  measurements  also 
revealed  that  both  anodes  have  only  a  relatively  small  percentage 
(4%)  of  isolated  pores,  so  there  was  little  impact  of  this  on  the  active 
TPB  density  [19,35].  The  1250-fired  cell  also  had  a  slightly  higher 
pore  volume  fraction,  20.0  versus  19.2%,  presumably  due  to  reduced 
sintering  at  the  lower  firing  temperature.  This  also  leads  to  a 
decrease  in  pore  tortuosity  (1.89-1.81).  Both  these  changes  should 
increase  gas  diffusivity  and  thereby  decrease  concentration  polar¬ 
ization.  Although  the  measured  structural  changes  seem  too  small 
to  elicit  the  relatively  large  change  in  the  -  5  Hz  response  in 
Fig.  1(c),  it  should  be  noted  that  the  thick  anode  support  also 
contributes  substantially  to  the  concentration  polarization,  and 
changes  in  this  layer  may  be  larger  [30]. 

4.  Conclusions 

The  present  results  show  that  the  addition  of  Fe203  sintering  aid 
allows  reasonably  dense  YSZ/GDC  bi-layer  electrolytes  to  be  pro¬ 
duced  by  co-firing  at  1250  °C,  ~150  °C  lower  than  the  usual  sin¬ 
tering  temperature.  The  cells  yielded  high  open-circuit  voltages 
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Fig.  2.  Cross-sectional  SEM  images  for  LSCF1250  (a)  and  LSCF1400  (b)  after  testing.  The  insert  red  line  is  where  the  EDS  line  scan  is  taken;  The  intensity  line  scan  from  Gd,  Ce,  Zr,  Y, 
La  and  Sr  signals  in  the  YSZ/GDC  interface  for  the  cell  LSCF1250  (c)  and  LSCF1400  (d).  EDS  spectrum  taken  from  the  YSZ/GDC  interface  (e).  (For  interpretation  of  the  references  to 
color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article). 


a)  1400°C  b)  1250°C 


Fig.  3.  FIB-SEM  tomography  data  from  the  anode  functional  layers  of  the  button  cells  fired  at  1250  °C,  showing  the  positions  of  TPB  lines  in  the  anode,  with  green  indicating  active, 
red  inactive,  and  yellow  unknown.  XCT  data  at  1400  °C.  [30].  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article). 
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and  the  ohmic  resistances  were  as  expected  given  the  YSZ  and  GDC 
thicknesses;  suggesting  that  the  Fe  doping  does  not  reduce  ionic 
conductivity  or  cause  significant  electronic  conductivity  in  the 
electrolyte.  YSZ/GDC  interdiffusion  and  Sr  diffusion  through  the 
GDC  layer  were  minimized.  The  reduced  firing  temperature  also 
yielded  low-polarization-resistance  Ni— YSZ  anodes  due  to  a  finer- 
scale  microstructure  with  high  TPB  density  and  improved  gas 
diffusion.  The  reduced-temperature  firing  process  has  great  po¬ 
tential  for  enabling  improved  intermediate-temperature  SOFCs  by 
producing  (1)  low- resistance  YSZ/GDC  electrolytes  that  also  yield 
high  open-circuit  voltage,  (2)  dense  GDC  layers  that  allow  the  use  of 
highly-active  cathode  materials  that  are  reactive  with  YSZ,  and  (3) 
Ni-YSZ  anodes  with  high  electrochemical  activity  due  to  fine-scale 
microstructure  with  high  TPB  densities. 
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